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Abstract 

Orientifold vacua allow the simultaneous presence of supersymmetric bulks, with 
one or more gravitinos, and non-supersymmetric combinations of BPS branes. This 

_C ■ "brane supersymmetry breaking" raises the issue of consistency for the resulting 

gravitino couplings, and Dudas and Mourad recently provided convincing arguments 

^ to this effect for the ten-dimensional USp(32) model. These rely on a non-linear 

realization of local supersymmetry d la Volkov-Akulov, although no gravitino mass 
term is present, and the couplings have a nice geometrical interpretation in terms of 
"dressed" bulk fields, aside from a Wess-Zumino-like term, resulting from the super- 
symmetrization of the Chern-Simons couplings. Here we show that all couplings can 
be given a geometrical interpretation, albeit in the dual 6-form model, whose bulk 
includes a Wess-Zumino term, so that the non-geometric ones are in fact demanded 
by the geometrization of their duals. We also determine the low-energy couplings 
for six-dimensional (1,0) models with brane supersymmetry breaking. Since these 
include both Chern-Simons and Wess-Zumino terms, only the resulting field equa- 
tions are geometrical, aside from contributions due to vectors of supersymmetric 
sectors. 
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1 Introduction 

Orientifold vacua fl], § allow the simultaneous presence of supersymmetric bulks, with 
one or more gravitinos, and non-supersymmetric combinations of BPS branes. The re- 
sulting "brane supersymmetry breaking" can be realized in stable configurations, in ten 
dimensions with only anti-D9 (-D9) branes ||, and in six and four dimensions, up to 
T-dualities, with tachyon-free combinations of D9 branes and anti-.D5 (-D5) branes ||. 
Since this is only one of the options offered by this class of models for the breaking of 
supersymmetry, a fundamental issue in attempting to relate string theory to low-energy 
physics, it is instructive to briefly review our current knowledge in this respect. 

In perturbative string vacua, one has actually four options for supersymmetry break- 
ing. The first is to break supersymmetry from the start, so that no gravitinos are present, 
and the resulting models, descendants of the type-0 models of |J, have in general tachyonic 
modes ||, although a special Klein-bottle projection, suggested by the WZW construc- 
tions of 0, leads to the O'B model [§], that is free of tachyons, a property shared by its 
compactifications || and neatly rooted in its brane content |IIJ . The second option is the 
Scherk-Schwarz mechanism [p| , in which the breaking, induced by deformed harmonic 



expansions in the internal space, is at the compactification scale. In this setting, widely 
studied in the context of models of oriented closed strings [0], the presence of branes al- 
lows the new option of correlating the Scherk-Schwarz deformations to the brane geometry, 
giving rise, in particular, to the phenomenon of "brane supersymmetry" , whereby one or 
more residual global supersymmetries are left, to lowest order, for the brane modes fT3| . 
The third option, magnetic deformations |l |j] , resorts to the different magnetic moments 
of the various fields to induce supersymmetry breaking ||15| , again at the compactification 



scale, but the resulting vacua, that have also T-dual descriptions in terms of branes at 



angles [[Uj, generally contain tachyons |DJ, aside from some special instanton-like stable 



configurations that recover supersymmetry, albeit with gauge groups of reduced rank |l8| . 



Finally, one has the option of brane supersymmetry breaking |3], f|], made possible by the 
presence of two types of O-planes. Together with the conventional 0+, with negative 
tension and negative R-R charge, there are indeed additional BPS objects, the 0_ planes, 
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with positive tension and positive R-R charge, and while the two can coexist in super- 
symmetric Klein-bottle projections, the saturation of the 0_ charge requires the presence 
of anti-branes, with the result that supersymmetry is broken on the latter at the string 
scale. It is the rigidity of the breaking scale, together with some special features of the 
resulting low-energy effective field theories, that typically do not allow a gravitino mass 
term, that makes the explicit construction of the goldstino couplings quite interesting in 
this case. 



Dudas and Mourad |H| have recently shown that, in the simplest model with brane 
supersymmetry breaking, the USp(32) model of ||, the low-energy gravitino couplings 
reflect a non-linear realization of local supersymmetry a la Volkov-Akulov, along the lines 
of ||Z0|j , and their work is the starting point for our considerations. Let us stress that, 
while all branes, including the supersymmetric ones, result in the non-linear realization 
a la Born-Infeld of the supersymmetries broken by their presence, here one arrives at a 
complete breaking, and the peculiarity with respect to lower-dimensional settings for the 
super-Higgs mechanism is the absence of a gravitino mass term. This feature is common 
to the case analyzed in |19|| and to the lower- dimensional models of [|], that we shall 



also discuss in this paper. Actually, all these configurations, even the supersymmetric 
ones, can accommodate additional brane-antibrane pairs of identical dimensions, that are 
to be spatially separated in order to lift the resulting tachyons. These additional pairs 
provide in their own right additional ways to realize brane supersymmetry breaking, but 



have clearly potential tachyon instabilities J21] for their geometric moduli, in view of the 



mutual attraction of identical branes and antibranes. We shall thus confine our attention 
to the "minimal" configurations of |3|, || demanded by tadpole cancellation, although 
the other pairs could be described along similar lines. Still, we should mention that 
non-minimal brane-antibrane configurations are also quite interesting, and are currently 
the object of a considerable activity as a string setting for brane-world extensions of the 



Standard Model [17, 221. 



All models with brane supersymmetry breaking contain a candidate goldstino among 
their brane modes, and in |19[ Dudas and Mourad indeed constructed the low-energy 



couplings of the goldstino for the ten-dimensional USp(32) Sugimoto model of [|| up to 
quartic fermionic terms. These were all shown to be of a geometric nature, being induced 
by the dressing of bulk fields with additional terms depending on the goldstino in all 
their couplings to the non-supersymmetric brane matter, aside from some Wess-Zumino- 
like terms resulting from the supersymmetrization of the Chern-Simons couplings. The 
geometric nature of the dressing implies that non-linear supersymmetries of the matter 
sector take the form of gaugino-dependent general coordinate transformations. In this 
paper, we extend the work of ||19| , showing that, up to quartic fermionic terms, the 
whole low energy effective Lagrangian of the Sugimoto model, including the Chern-Simons 
couplings, has a geometric nature when expressed in terms of the dual 6-form gauge field, 
rather than of the more familiar 2-form. The starting point in this case is thus the low- 
energy supergravity built long ago by Chamseddine p5fl , rather than the model of |24 . 



The ten-dimensional Chern-Simons terms become in this way higher derivative couplings 
that, as such, do not appear in the low-energy effective action, while a Wess-Zumino term 
must be added, and this can be simply "geometrized" dressing the six-form along the lines 
of (|l]J . We also extend the analysis of the low-energy effective action to six dimensional 
models with brane supersymmetry breaking. The starting point in this case is provided 
by the low-energy (1,0) effective actions of |25|, [26|, ^7[ |28], [2£|. These, however, include 



both Wess-Zumino and Chern-Simons couplings for the gauge fields, and as a result have 
the subtle feature of embodying reducible gauge anomalies to be canceled by fermion 
loops. This peculiar feature, not present in the earlier constructions of |3(J motivated by 
perturbative heterotic strings, links these constructions to the Wess-Zumino conditions 
for the anomalies, with the end result that many familiar properties of current algebra 
find in this case an explicit local realization. In order to write a covariant action for the 



resulting (anti) self-dual 3-forms, we shall resort to the method of Pasti-Sorokin-Tonin |3T 



both for the (1,0) couplings of vector and tensor multiplets of |2J| and for the additional 



hypermultiplet couplings obtained by one of us in |29[ completing the results of |32| . The 
remaining couplings are determined requiring that supersymmetry be non-linearly realized 
as in the ten-dimensional case, but the simultaneous presence of Chern-Simons and Wess- 
Zumino terms produces a novel effect. Indeed, while the action is still determined by the 



underlying geometrical structure, as is often the case with Wess-Zumino terms, only the 
field equations are geometrical in this case, aside from anomalous terms that arise in the 
presence of vectors from both supersymmetric and non-supersymmetric sectors. 

The paper is organized as follows. In Section 2 we review some basic facts on type-I 
vacua with brane supersymmetry breaking, referring to the Sugimoto model || and to 
the simplest lower-dimensional model with D9 and D5 branes, the T 4 /Z2 orientifold of 
fU . In Section 3 we review the low-energy effective couplings built by Dudas and Mourad 
fl9|| for the ten-dimensional model and exhibit their geometric nature in terms of the 
6-form potential. Section 4 is devoted to the six-dimensional non-linear realizations, and 
in order to make the paper self-contained, it includes a brief review of the results of 
P3| , fffi , P?| , |2"8| , Pm , limitedly to the terms at most quadratic in the fermions needed for 
our construction. Finally, Section 5 contains our conclusions. 

2 Models with brane supersymmetry breaking 

In the following sections we shall describe the low-energy goldstino couplings for what 
are essentially the two classes of string realizations of brane supersymmetry breaking. 
The first, defined in ten-dimensional space time, is the Sugimoto model of 0, while the 
second is a peculiar T A /Z2 orientifold, where the Klein-bottle projection is altered in a 
way reminiscent of the WZW constructions in |7| . The ten-dimensional model involves D9 
branes and 0_ planes, and results from an unoriented projection obtained combining the 
world-sheet parity Q with (— l) Fs , where F s denotes the space-time fermion number. Still, 
the resulting Klein-bottle projection is identical to the usual one for the Green-Schwarz 



SO (32) superstring |]33 



£ = l(V 8 -S 8 ), (2.1) 

here expressed, as in 0, in terms of level-one so(8) characters while leaving the modular 
integration implicit. The difference between the two models lies in the open sector, and in 
particular in the Mobius amplitude, that reflects the relative values of tension and charge 



for branes and 0-planes. Thus, for the SO (32) model 

N 2 



while for the USp(32) model 



A = 


-y (Vg - S 8 ) , 


M = 


N - 
--(V 8 -S 8 ), 


A = 


N 2 

-y {V a - S 8 ) , 


M = 


N * 
■y(V 8 + £ g ), 



(2.2) 



(2.3) 

again in the compact notation of 0, with real "hatted" characters for the Mobius am- 
plitudes. In both cases R-R tadpole cancellation fixes iV = 32, but while in the former 
32 D9 branes cancel the + background charge and tension, in the latter 32 D9 branes 
cancel only the opposite 0_ charge, leaving a resulting dilaton tadpole. The massless 
spectrum contains a vector in the adjoint representation of USp(32) and a spinor in the 
antisymmetric representation. This, however, is not irreducible, but can be decomposed 
into the 495 and a singlet: it is exactly this singlet that plays the role of the goldstino 
in the low energy effective action. Supersymmetry is broken in the open sector, but the 
spectrum is free of anomalies, and the dilaton tadpole that survives signals the impos- 
sibility of vacuum configurations with the maximal ten-dimensional symmetry. Vacuum 
configurations with a lower, nine-dimensional, symmetry are however possible, as shown 
in |4|. 

Lower dimensional models with brane supersymmetry breaking were built in [![]. As 
anticipated, they result from Klein-bottle projections modified in a way reminiscent of 
what done in WZW models in @. In Z 2 orbifold compactifications, and in general for 
orbifolds with order-two group generators, one has the option of antisymmetrizing some 
twisted sectors or, equivalently, of inverting tensions and charges for the corresponding 
05-planes. This requires that D9 branes be accompanied by suitable stacks of D5 branes, 
with a resulting brane supersymmetry breaking. In the six-dimensional T 4 jZi orientifold, 
the torus partition function 



T = \ | V a O a + O4V4 - S4S4 - C4C4 | 2 A + \ I V4O4 - O a V 4 + SiS 4 - dC 4 | 2 

_ _ 



2r] 



1 



+ - I OaCa + VaSa - S4O4 - CaVa | 2 

+ - I O4C4 - VaSa - SaOa + CaVa I 2 



2r) 

2q 



1 



(2 - 4) 

can be expressed in terms of the Narain lattice A and of the so(4) level-one characters 
O4, V4, S*4 and C4, again omitting the modular measure and the inert contributions. Two 
choices for the unoriented projection compatible with the crosscap constraint of |7j are 
described by 

K = -j ( VaOa- OaVa + SaSa- CaCa ) {P + W) 

+ 2e x 16 ( O4C4 + VaSa - SaOa - CaVa ) ( j\ ] , (2.5) 

where P (W) indicates the momentum (winding) lattice sum and e = ±1. At the massless 
level, e = 1 gives A" = (1, 0) supergravity with 1 tensor multiplet and 20 hypermultiplets, 
while e = — 1 gives A" = (1, 0) supergravity with 17 tensor multiplets and 4 hypermulti- 
plets. These closed spectra are both supersymmetric, but the latter projection introduces 
09 + planes and 05_ planes, and this leads to an open sector with brane supersymmetry 
breaking. This is clearly spelled by the massless contributions to the transverse Klein- 
bottle amplitude, that can be read from 

£o = ^{( W4-C4C4) (v^ + e-^=) 2 + ( OaVa-SaSa) (v^-e-^=) 2 }, (2.6) 

where the reflection coefficients are interchanged in the two cases. For e = — 1, all R-R 
tadpoles can be canceled by 32 D9 branes and 32 D5 branes, since the latter indeed revert 
all the 9-5 R-R contributions to the transverse-channel annulus amplitude. The result is 

A = — ( ( VaOa + OaVa - SaSa - CaCa ) ( N 2 vW + ^-^ 



, v 74^4 -T ^4^4 — >J4^4 — 1^-4^/4 

+ 2ND ( VaOa - OaVa - S 4 Sa + CaCa ) (j- \ 
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+ 16 ( O4C4 + VaSa - SaOa - CaVa )[R 2 n + RlMjr 

+ 8R N R D ( VaSa - O4C4 - S a Oa + CaVa ){j) } , (2.7) 

and from /C and A, by standard methods, it is straightforward to obtain the open spectra, 
encoded in the direct-channel amplitudes 

A = - j ( VaOa + OaVa - SaSa - CaCa ) ( N 2 P + D 2 W ) 
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and 



\ 2 

+ 2ND ( A S A + V A C A - C A A - S A V A ) ( ^~ 

\9 A 

+ (R 2 N + R 2 D )( V A A - O a V a + S A S A - C A C A ) ( ^ 

+ 2R N R D ( V A C A - A S A + S A V A - C A A ) ( 1L) ) (2.1 



M = - j J NP ( 64 V A + V4O4 - 5 4 5 4 - O4C4 ) 

- dw ( 6 A v A + v A 6 A + s A s A + c A c A ) 

- n ( 6 A v A -v A 6 A -s A s A +c A c A ) 1 2 S ) 

+ £> ( 64^4 - V A 6 A + S A S A - C A C A ) ( 2H } • (2-9) 

The R-R tadpole cancellation conditions require 

AT = D = 32 , 
i? N = i? D = , (2.10) 

and allow a parametrization in terms of real Chan-Paton multiplicities of the form N = 
n\ + n 2 , D — di + d 2 , Rn = n\ — n 2 and Rd = d\ — d 2 , with n\ = n 2 = d\ = d 2 = 16. 
The massless spectrum can be extracted from 

a , ka - r M^i ~ 1) , w 2 (w 2 - 1) rfi(rfi + 1) 4(4 + 1) 
A) + -Mo - [ ;; + 9 2 2 

r ni(ni - 1) n 2 (n 2 -l) di(di - 1) ^2(^2-1)1^^ 

1 2 2 2 2 J 

+ ( n\d 2 + n 2 c?i ) 046*4 - ( nidi + n 2 d 2 ) C A A 

+ ( mn 2 + d x d 2 ) ( O a V a - S A S A ) , (2.11) 

and the gauge group is thus [5*0(16) x S , 0(16)]g x [USp(16) x USp(16)]%. Supersym- 
metry, exact in the 9-9 sector, where the vector multiplets of the two 5*0(16) are ac- 
companied by a hypermultiplet in the (16, 16, 1, 1), is broken on the D5 branes, where 
the gauge vectors of the two USp(16) are in the adjoint representation while the left- 
handed Weyl fermions are again in reducible antisymmetric representations, now the 
(1,1,120,1) and the (1,1,1,120). In addition, there are four scalars and two right- 
handed Weyl fermions in the (1, 1, 16, 16), as well as two scalars in the (16, 1, 1, 16), two 



scalars in the (1, 16, 16, 1) and symplectic Majorana-Weyl fermions in the (16, 1, 16, 1) 
and (1, 16, 1, 16). This model is free of gauge and gravitational anomalies and provides 
an example of type-I vacuum with a stable non-BPS configuration of BPS branes. As 
in the ten-dimensional USp(32) model, the breaking of supersymmetry yields a tree-level 
potential for the NS-NS moduli related to the uncanceled tadpoles, the dilaton and the 
internal volume in this case, that reflects the positive tension resulting from the 05- 
planes and the anti-branes. 

Similar considerations apply to generic Z^ orientifolds in six and four dimensions, 
as well as to more complicated compactifications, to wit freely acting orbifolds or non- 
geometric examples. From the low-energy point of view, all models with brane supersym- 
metry breaking exhibit in their spectra a gauge singlet on the non supersymmetric branes, 
with the right quantum numbers to be a goldstino. As we shall see in the next sections, 
these goldstinos play the role of Volkov-Akulov fields that allow consistent couplings of 
the gravitinos to the non supersymmetric matter. Supersymmetry is thus linearly realized 
in the bulk and on some branes, while it is non-linearly realized on other (anti)branes. 

3 Low-energy couplings for the Sugimoto model 



This section builds on |TjJ, where the low-energy effective action for the USp(32) model 
was constructed, to lowest order in the fermi fields, requiring that supersymmetry be 
non-linearly realized on the D9 branes, and thus obtaining consistent couplings for the 



gravitino. Our aim is to show how all the couplings of [19| can be written in a geometric 
form. 



Let us start by reviewing the work of [|19| , in a slightly different notation, working in the 
Einstein frame with metric signature (+, —,...,—). As we have seen in the previous section, 
the Sugimoto model results from a different IIB orientifold projection with respect to the 
one leading to the type-I SO (32) theory. The closed spectrum is identical in the two cases, 
and comprises at the massless level the (1,0) supergravity multiplet, with the vielbein e^" 1 , 
a 2-form B^, the dilaton 0, a left-handed gravitino ip^ and a right-handed dilatino \i while 



; : ; 



the open sector describes a USp(32) gauge group, whose gauge boson A^ is accompanied 
by a massless Majorana-Weyl spinor in the reducible antisymmetric representation, that 



contains a spinor A in the 495 and a singlet 9. Dudas and Mourad identified in [IS] this 
singlet as the goldstino of supersymmetry, that is non-linearly realized on the brane modes, 
consistently with its breaking at the string scale. Starting from this, they constructed the 
low-energy effective action for the Sugimoto model up to quartic terms in the spinors. 

Let us briefly review how a single spinor can be treated a la Volkov-Akulov |20 
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goldstino of global supersymmetry. Let us restrict our attention to the ten dimensional 
case, considering a Majorana-Weyl fermion 9 with the supersymmetry transformation 

Se = e- X -{ef9)d l fi. (3.1) 

The commutator of two such transformations is a translation, 

[6 u 6 2 }6 = - i (e 2 Ye 1 )d tl 6 , (3.2) 

and thus eq. ( [3.1|) provides a realization of supersymmetry. In order to write a Lagrangian 
for 9 invariant under eq. ( |3.1| ), let us define the 1-form 

e i T = 5™- l -{9 1 m d»9) , (3.3) 

whose supersymmetry transformation is 

5e m = -L c e m , (3.4) 

with Lg the Lie derivative with respect to 

i, = -\(h,e) . (3.5) 

The action of supersymmetry on e is thus a general coordinate transformation, with a 
parameter depending on 9, and therefore 

£=-dete (3.6) 

is clearly an invariant Lagrangian. Expanding the determinant, one can see that the en- 
ergy has a positive vacuum expectation value, and supersymmetry is thus spontaneously 



broken. Using the same technique, for a generic field A that transforms under supersym- 
metry as 

SA = -L^A , (3.7) 

defining the induced metric as g pu = e p m e um , a supersymmetric Lagrangian in flat space 
is determined by the substitution 

C(ri,A)^e£(g,A) . (3.8) 



We can now review the results of ||19|| , and to this end we begin by considering the 
Lagrangian for the closed sector 

e- l C dosed = - - A R+ l -d,ct>d^+ l -e-^H^ p H^ 

- U^^D^p) + l -{xYD, X ) + ^(^7VX)<9„0 



12^2 " upKYa ' Y ° J ' 2v/2 

+ l e -^^ p (^7^ p 7 ff x) , (3-9) 

that provides a linear realization of the minimal (1,0) ten-dimensional supersymmetry, 
and is thus invariant under the local supersymmetry transformations 

i 1 

W, = D,e + ^=e^H^ lpvpa e - J-e^H^'fe , 

In the supersymmetric case, when these bulk modes are coupled to a gauge multiplet 
supported on the 9-branes and containing a vector A p and a left-handed gaugino A both 
in the adjoint representation of SO (32), supersymmetry requires that the 3-form H pvp 
include a Chern-Simons coupling, so that 

H livp = 3d\ pj B vp T [ + y2u l j iV p , (3-11) 
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where i0^ vp is the Chern- Simons 3-form defined as 



2i 
u = AdA A 3 , (3.12) 



and this leads to the modified Bianchi identity 



3 

d^H upa] = -j=tr(F [pu F pa] ) . (3.13) 



The Lagrangian for supergravity coupled to vector multiplets is then [^4[ 

e- l C= - ±R+ l -d^<P + h~ 2 *H^ p H^ -h-Hr(F^Fn 



12v/2 ""*>^' ™' ' 2V T 

+ ie-% p (ifYx) +itr{\^D p \) 

- \e-ytr[F^(h^x)} + -^e-^tr[F^(\ lplpv V)} 

~ ^=e-*H^tr{h^) , (3-14) 

up to quartic terms in the fermions. The supersymmetry transformations of the bulk 
fields e p m , (p, ip p and x are as before, while for the gauge multiplet 

5A p = -^=e^{e lp \) , 

W = "272 e4 ^" V ' (3 ' 15) 

Gauge invariance of H requires that under vector gauge transformations B transform as 

5B = -V2tr(AdA) , (3.16) 

and in order that gauge and supersymmetry transformations commute, up to a tensor 
gauge transformation, one has to add a term to the supersymmetry variation of B pu , 
obtaining 

5B pu = --Le^ey^]) - \e*(e lfll/X ) + 2V2tr(A [p 5A u] ) . (3.17) 

In order to couple the Lagrangian ( |3.9| ) to non-supersymmetric matter, one must 
construct from the fields of the supergravity multiplet quantities whose supersymmetry 

11 



variations are general coordinate transformations with the parameter £ M of eq. ( |3.5| ). We 
thus define 

^ = + 71 ( * x) + 2^/2 e ~*^ y ' a " fi)H ' a "' (3 ' 18) 



so that 



and 



so that 



<ty = -£"0i^ = <W ( 3 - 19 ) 



7 — *7 — 

+ ^e-tihwWH™" + —j=e-+$>f a ">0)Hw (3.20) 



5e At m = 5 gc4 e /i m + A m n e/ , (3.21) 



where the parameter of the local Lorentz transformation is 

A mn = _ { Q Ye)u}p mn + ^(^ £ )^ + g-^^P™ . (3.22) 

In constructing a Lagrangian invariant under non-linear supersymmetry that couples su- 
pergravity to non-supersymmetric matter, it is important to notice that eq. ( p.ll|) still 
holds, because of anomaly cancellation. For the same reason, the variation of B is still 
given by eq. (|3.17|) , once one uses the new transformation for A^, 

6A lt = F ltt 4 v . (3.23) 

Observe that this covariant expression for 5A^ contains the proper coordinate transfor- 
mation, together with an additional gauge transformation of parameter 

A = eVL^ . (3.24) 

The supersymmetry transformation of the spinor A in the 495 of USp(32) will not be 
taken into account in this discussion, since it contains higher-order fermi terms. One can 
now include [ID] the kinetic term for A p and the dilaton tadpole in a Lagrangian that is 
supersymmetric up to terms quartic in the fermions, considering 

C = C dosed -~ee-*r p 9 v ' T tr(F fll/ F p(r )-Aee^ 

— 1G — 

+ ie tr{\^D^\)--^j=e-^H^tr{\ 1 , vp \) , (3.25) 
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where in the Sugimoto model A = 64Tg, with Tg the anti-brane tension. By string 
considerations, one can show that the coefficient of the coupling of if to A 2 , not constrained 
by supersymmetry at this level, is the same as in the supersymmetric case |H| . Actually, 
the Lagrangian of eq. ( |3.25| ) is still not invariant under supersymmetry, since the inclusion 
of the Chern-Simons term and the consequent modification of the Bianchi identity for H 
generate contributions proportional to F AF in the variation of Cdosed- Up to higher order 
fermionic terms, however, these are exactly canceled by the variation of the additional 
terms 

1 .._3z _^ , t 1 



e Mi-M6/wper. e 



(07/ii-wsW _ 7 e (07w...w)X) 



6!v/2 l V2 v^i-AWe, 4 

-g^fc^C - y e-^C^^^fl^^ltrCi^iV) • ( 3 - 26 ) 
To summarize, up to quartic fermionic terms the Lagrangian is 



C = C dosed --ee-^ p g va tr{F IJ , v F p(T )-Me 



— IP — 

+ ietrih^X) - —e-tH^triX^pX) 

1 Qj 1 



6!v/2 L v/2 vw-wrne, i 

7 — S? 



+ ^e^a^h^e) - - s e-*(Jr M B„i 



g-e-*^...^)^ - ye- 2 ^ W3 0)i^ 4M5 J^F^) . (3.27) 

As noticed in |19 |, in this formulation a geometric description for the terms in eq. (|3.26|) 
is not possible, i.e. it is not possible to rewrite them in terms of properly dressed bulk 
fields adding fermionic bilinears containing the goldstino. We can now explain why this 
is the case, and moreover we can also show how a geometric description is possible, after 
performing a duality transformation to a 6-form gauge field. 

Let us again begin with standard results: performing a duality transformation on eq. 
( |3.14| ), one obtains a new Lagrangian, with a 6-form rather than a 2- form, coupled to vec- 
tor multiplets f23f . Technically, this is performed starting from the first-order Lagrangian 

1 1 

C _p- 2< t>fj TJV V P J Ax,\...p-jpvpp, R TT 

*- n^ ±± p,Vp J - ± O a\ u p,l ±J p.2---P7 ±± P.Vp 
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+ ^e^^B^ e tr(F^F p<T ) (3.28) 

that contains both the 2-form and the 6-form. The field equation for B e is then exactly 
the Bianchi identity of eq. ( |3.13| ) for H 3 , while the field equation for H 3 is 

e -^H 3 = e**H 7 , (3.29) 



where H 7 = dB e . The Lagrangian obtained substituting this relation in (|3.28|) and re- 
defining H 7 — > H 7 , 

C = j^H^H^ + J— f !*~i«i»i"B ln ...^tr(F^F p<T ) , (3.30) 

shows how the Chern-Simons term in H 3 is replaced by the Wess-Zumino term B AF AF. 



If one performs this duality transformation in ( |3.14| ), one ends up with the Lagrangian 



originally obtained by Chamseddine [£3 



\R + \d^<j> + ^H^H^ - \ 



e- l C = -R+ -d^cj) + -e^H^.^H^-^ - -e^tr^F^) 



+ ^e^^B^MF^) - -(Vvt'^Vv) 

+ itr{\^D^X) - l -e-^tr[F^{X lllvX )] 

+ -J=e-^tr[F^(A7 P 7^ P )] + ^e^^-^tr(A 7 ,,.., 7 A) . (3.31) 

The corresponding supersymmetry transformations are obtained from eq. ( p,15|) perform- 
ing the redefinition of eq. ( |3.29| ) on the variations of ip^ and Xi leaving the variations of 
e /i m , <p, A^ and A unaffected and replacing the variation of the 2-form with 

3i 1 

<*-B W -M6 = --7^" t> {^W..^^}) + ^e~ </, (e7 m ... M6 x) . (3.32) 

Notice that the supersymmetry variation of the 6-form does not include a term depending 
on the vector field. This reflects the fact that the 6-form is inert under gauge transfor- 
mations, since its field-strength does not contain a Chern-Simons form, that in this case 
would enter higher-derivative couplings not present in the effective supergravity. 
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One can now couple the supergravity multiplet expressed in terms of the 6-form to 
non-supersymmetric matter. In order to do this, together with and e p m of eqs. ( |3.18| ) 
and ( |3.20| ), one must define the dressed 6-form 

3i 1 



% — j7 — 



i — s? 

- ~g e (^[^i.-^rS^H^f - -^-e~ 2<l, (9'y[ lllll2l , 3 9)H tl4fl5lle] , (3.33) 

whose supersymmetry transformation is a coordinate transformation, up to an additional 
tensor gauge transformation of parameter 

A W ... M5 = -^e-^ej^e) . (3.34) 

We have intentionally written the last line of eq. (|3.33| ) in terms of the dual 3-form, using 
eq. ( |3.29| ), so that the similarity with eq. Q3.26J ) be more transparent. The Lagrangian 



for the closed sector, 

e- l C closed = - l -R + \d^d^ + l -e 2 *H^ 7 H^-^ 

+ ^^^^-^(^ l7 ,,.. w ^ 7 ) + ^e^^ir^^r) 

+ ^^H^-^{r 1 , 1 ..., 7laX ) (3.35) 



is simply obtained performing the duality transformation in eq. ( |3.9| ), while the same 
duality in eq. ( |3.27|) gives 



1. .. ... -. 

—i 
2 



C = l dosed --ee-f>gWg u<T tr(F^F p(T )-Aeez 



— IP — 

+ ietr{\^D,\) + ^=e^-^r(A 7M ,., 7 A) 

+ ^^■■■^^B, 1 ... lm tr{F„F pa ) . (3.36) 

Note that in this Lagrangian all terms containing the goldstino are grouped in redefinitions 
of the bulk fields, and therefore all couplings are written in a geometric form. This 
result concludes this section: for the ten-dimensional USp(32) model a fully geometric 
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description is possible if one formulates it in terms of the 6-form, since in this case the 
Chern-Simons term is higher derivative, and thus is not in the low-energy effective action. 
More precisely, as we have seen, duality maps the Chern-Simons term into the Wess- 
Zumino term, and this falls simply into a geometric form. The result is still valid in 
presence of additional brane-antibrane pairs, since the introduction of supersymmetric 
vectors does not modify the field strength relative to the 6-form potential in the low- 
energy effective action. In the dual theory, although the field strength of the 2-form is 
modified, no additional terms containing the goldstino have to be added to the low-energy 
lagangian. As we shall see, this feature is common to the six- dimensional case. 

4 Geometric couplings in six- dimensional models 

In this section we construct the low-energy couplings for six-dimensional type-I models 
with brane supersymmetry breaking M. As explained in Section 2, all the features of 
brane supersymmetry breaking are present in the T 4 jZi orientifold of ||], where a change 
of the orientifold projection leads to D9 branes and D5 branes. The spectrum has (1, 0) 
supersymmetry in the closed and 9-9 sectors, while supersymmetry is broken in the 9-5 and 
5-5 sectors. The gauge group is SO (16) x SO (16) on the D9 branes and U Sp(16) xll Sp(16) 
on the D5 branes, if all the Db branes are at a fixed point. 

One of the peculiar features of low-energy effective actions for six- dimensional type-I 
models with minimal supersymmetry is the fact that they embody reducible gauge and 
supersymmetry anomalies, to be canceled by fermion loops. Consequently, the Lagrangian 
is determined imposing the closure of the Wess-Zumino consistency conditions, rather 
than by the requirement of supersymmetry. The coupling of (1,0) supergravity to tensor 



multiplets was obtained in |55| to lowest order in the fermi fields, while JJIJ considered 
a single tensor multiplet coupled to vector multiplets and hypermultiplets to all orders 
in the fermi fields, without taking into account the anomalous couplings. The coupling 
of vector multiplets to an arbitrary number of tensor multiplets was obtained to lowest 
order in the fermi fields in |2]| in the covariant formulation and in |26 in the consistent 



16 



formulation, and these results have been generalized in |27, |28[ to all orders in the fermi 



fields. Additional couplings to hypermultiplets have been included in |p2| , and in J^J 
the complete coupling of supergravity to vector, tensor and hypermultiplets has been 
obtained. In order to describe the supersymmetric part of the model of || , let us briefly 
review these results, taking into account only the lowest order fermi terms. 

We first summarize the field content of the multiplets. The gravitational multiplet 
contains the vielbein e M m , a 2- form and a left-handed gravitino ip A the tensor multiplet 
contains a 2-form, a scalar and a right-handed tensorino, the vector multiplet from the 
9-9 sector contains a vector A*jp and a left-handed gaugino \^ A , and finally the hyper- 
multiplet contains four scalars and a right-handed hyperino. In the presence of nx tensor 
multiplets, the tensorinos are denoted by x MA i where M — 1, ...,nx is an SO(tit) index. 
The index A = 1,2 is in the fundamental representation of USp(2), and the gravitino, 
the tensorinos and the gauginos are USp{2) doublets satisfying the symplectic-Majorana 
condition 

The ut scalars in the tensor multiplets parametrize the coset SO(l, n?) / SO(ut) , while 
the (ut + 1) 2-forms from the gravitational and tensor multiplets are collectively denoted 
by B r , with r = 0, ...,nr valued in the fundamental representation of 50(1, n^), and 
their field-strengths satisfy (anti) self-duality conditions. Finally, taking into account nn 
hypermultiplets, the hyperinos are denoted by \l/ a , where a = 1, ...,2uh is a USp(2nn) 
index, and the symplectic-Majorana condition for these spinors is 



where Q ab is the antisymmetric invariant tensor of USp{2nn) (see ref. [29] for more 
details). 



The scalars $ a (a = 1, ..., n?) in the tensor multiplets can be described, following 
in terms of the 50(1, tit) matrix 
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whose elements are functions of $ a satisfying the constraints 

v r v r = l , VrVs-x^xf = Vrs , v r x^ = . (4.4) 

The vielbein V^ 1 of the internal manifold is related to v r and x Mr by 

V* t = v r d & x? , (4.5) 

where d^ = <9/cM> Q . The metric of the internal manifold is g & p = V^V¥ . 

The hyper-scalars <f) a (a = 1, ..., 4n#) are coordinates of a quaternionic manifold, that 
is a manifold whose holonomy group is contained in USp(2) x USp(2nn)- In the model 
of ||, the hypermultiplets in the closed sector are neutral, while the hypermultiplets in 
the 9-9 sector are charged under the gauge group SO (16) x 50(16), that corresponds to 
an isometry of the manifold parametrized by the hyper-scalars. We denote by V£ A (4>) 
the vielbein of the quaternionic manifold, where the index structure corresponds to the 
requirement that the holonomy be contained in USp(2) x USp(2uh)- The internal USp(2) 
and USp(2n H ) connections are then denoted, respectively, by A A b and A^b, that in our 
conventions are anti-hermitian matrices. The index a = 1, ...,4uh is a curved index on 
the quaternionic manifold, while the field-strengths of the connections are 

J~af} B = daApB — 9pA a B + {A a ,A[3\ B , 

Fa0 a b = d a A a 0b -dpA a ab + [Aa,Ap} a b , (4.6) 

where d a = d/d(p a . The condition that the vielbein V£ A (4>) be covariantly constant gives 
the relations [j36[ 

V aA V bB9a0 = ^ab^AB , 
yayPbA + yPyabA = J_^j* 

n H 

y :A yPaB + yP A y aa B = g aP S B ^ (4J) 



where Q a b is the antisymmetric invariant tensor of USp(2riH). The field-strength of the 
USp(2) connection A A b is naturally constructed in terms of V£ A by the relation 

FapAB = V aCL AVpB + V aa BVp A , (4.8) 
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and then the cyclic identity for the internal curvature tensor implies that the field-strength 
of the USp(2n H ) connection A a a b has the form 

Fa/3ab = VaaAV/3b + V'aM^o + ^abcdY a Vf)A > (4-9) 



where il a bcd is totally symmetric in its indices [^ • 

Denoting with A^ 1 the gauge fields under which the hypermultiplets are charged (the 
index i runs in the adjoint of the gauge group), under the gauge transformations 

SA (9)i = D ^)i ( 4 10 ) 

the scalars transform as 

5<p a = A( 9 )^ Qi , (4.11) 

where £ m are the Killing vectors corresponding to the isometry that we are gauging. The 
covariant derivative for the scalars is then 

D^ a = d^ a -Af i C ■ (4.12) 

One can correspondingly define the covariant derivatives for the spinors in a natural way, 
adding the composite connections D p <f) a A a . For instance, the covariant derivative for the 
hyperinos \l/ a will contain the connections D^^A^b, while the covariant derivative for 
the gravitino and the tensorinos will contain the connections D^ a A A B- The covariant 
derivatives for the gauginos \( 9 > zA are 

D^ iA = d^ A + \uo pmnl mn X^ A + D,<p a Ai B ^ )lB + p k A^ j X^ kA , (4.13) 

where /* J are the structure constants of the group. 

We use the method of Pasti, Sorokin and Tonin (PST) |H|] in order to write a covariant 
action for fields that satisfy self-duality conditions. For a self-dual 3-form in six dimensions 
the PST action 



Cp S T---H, vp H^---=-fH; up H^ , (4.14) 



1 1 d^EcFE 

—H H^ p - -— — 
12 ^ p 4 (95) 

where H~ = H — *H and 5 is a scalar auxiliary field, is invariant under the standard 
gauge transformations for a 2-form, 

8B = dA, (4.15) 
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and under the additional PST gauge transformations 

6Br, = (d lt S)A v -(d„E)A li (4.16) 

and 

5E = A , 613^= -^-H^Z . (4.17) 

Fixing the PST gauge in an appropriate way, one ends up with a self-dual 3-form, after 
eliminating the auxiliary scalar. It should be observed that this gauge choice can not be 
imposed directly on the Lagrangian, not defined if 5 = 0. 

This method has already been applied to a number of systems, including (1, 0) six- 
dimensional supergravity coupled to tensor multiplets |37J and type-IIB ten-dimensional 



supergravity [p8 |, whose (local) gravitational anomaly has been shown to reproduce |E 



the well-known results |ID| of Alvarez-Gaume and Witten. Here we use the results of [37] 



as well as those of jy], |29|, in which the same construction has been applied to the case 
with also vector multiplets and hypermultiplets. 

We have a single self-dual 3-form and n? antiself-dual 3-forms, where n^ is equal to 
17 in the T A /Z 2 model of ||. These forms are obtained dressing with the scalars in the 
tensor multiplets the 3-forms 

H r = dB r - c rz u {9)z , (4.18) 

where the index z runs over the various semi-simple factors of the gauge group in the 9-9 
sector, u is the Chern-Simons 3-form and the c's are constants (we denote with z = 1 the 
group under which the hypermultiplets are charged). More precisely, the combinations 

H, up = v r H; vp (4.19) 

and 

Ef vp = xfH; up (4.20) 



are respectively self-dual and antiself-dual [35| , to lowest order in the fermi fields, although 



in the complete lagrangian these conditions are modified by the inclusion of fermionic 
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bilinears. As in ten dimensions, the gauge invariance of H r in eq. ( 4.18Q implies that B r 
vary as 

SB r = c rz tr z {k {9) dA^) (4.21) 

under gauge transformations. 

To lowest order in the fermi fields, the Lagrangian describing the coupling of the 
supergravity multiplet to tit tensor multiplets, vector multiplets and Uh hypermultiplets 



is 



e- X Csusy = ~ A R+ -G rs E'^E^ p + -g^d^d^ - -v r c rz tr z (F£)F^ 



^[H- p H-^ + <+W M V] - -e^^B^c z r tr z {F^F^) 



4 ($■=") 2 L P V P CT ' '*iu/p'* CT J g^ ^fiu^r"' z\^ pa 

\g a ^)D^D»^ + — L 
2 4v r c r 



+ -gaMD^Dy? + —^AUA^Are 



~(^ p D^ p ) - l -v r H r ^$^ p ) + l -{x M l"D„x M ) 



v r H; up ( x M r vp x M ) + ^d v v r (^YYx M ) ~ -xfH r ^^ plupX M ' 



24"'" ^ px " ' ~ ' ' T r "" vr ^' ' "■ ' 2 

mA r-> jo 



+ -(* a yD M *-) + -t; r ^(* aT ^* a ) - vr A,<WmtV* 



2 v ' p ' 24 

2 



+ w r c rz tr z (A(V^A (9) ) + -=«rC M tr,[^ft 7 , 'YA (9) )] 

- V2v: A rc\T^ a ) + ^Ai B rafY^) 

+ ^=^B^rr(Ai 9)l X MB ) , (4.22) 



where G rs = v r v s + x^xf , while 



and 



W^p = v r H; vp - %{^1^ P] ) - kx M l,u P X M ) + k^al^ a ) (4.23) 



K vp = x™H; wp + \{x M l { M + \xfc^tr z {^h, up \^) (4.24) 



satisfy on-shell self-duality and antiself-duality conditions, respectively. Finally, H is the 
PST auxiliary field. 

Due to eq. ( [4.21| ), the Wess-Zumino term B A F A F is not gauge invariant, and thus 



the variation of eq. Q4.22Q under gauge transformations produces the consistent gauge 
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anomaly 



A A = -\e^ &T cW z 'tr z {^d,A^)tr z \F^F^) , (4.25) 



related by the Wess-Zumino conditions to the supersymmetry anomaly 

A e = e^^clc rz \-\tr z {8AfAf)tr zl {F^F^) - \tr M {6 € AfF$)u^\ , (4.26) 



that one can recover varying the Lagrangian of eq. (|4.22j ) under the supersymmetry 
transformations 



Se™ = -*(e 7 "Vp) 



> 



1 



Sr = V a a A (e A * a ) , 
5E = , 

Mf = --j i ( e - T / ) ) , 

8^ = D»e A + \K, vp Y p e A , 

6x MA = _lyMQ^ e A + ± K M pl W e A j 

W a = i^e A V: A D^ a , 

SXW = -J-pW-Te* - -J^-T^re* (4.27) 



where 



and 



(<9H) 2 /L °"^ 



^ P = ftp^p - 3— r— ^-ft , (4.28) 



*£ P = w£ P - 3 J ^r?CJ ( 4 - 29 ) 

are identically self-dual and antiself-dual, respectively. In the complete theory, the anoma- 
lous terms would be exactly canceled by the anomalous contributions of fermion loops. 



Following the same reasoning as for the ten dimensional case of ||T9[, we can describe 
the couplings to non-supersymmetric matter requiring that local supersymmetry be non- 
linearly realized on the Z)5-branes, and requiring that the supersymmetry variation of the 
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non-supersymmetric fields be as in eq. ( |3.7|) . As explained in [19] and reviewed in the 



previous section, to lowest order in the fermions the coupling between the supersymmet- 
ric sector and the non-supersymmetric one is obtained dressing the bosonic fields in the 
super symmetric sector with fermionic bilinears containing the goldstino, whose supersym- 
metry transformation is 89 = e to lowest order in the fermionic fields. As a result, the 
supersymmetry variation of the dressed scalars in the tensor multiplets 

$ a = $ a - V aM (6 X M ) + —V« M x™H^ p (6Y vp 0) (4.30) 

is a general coordinate transformation of parameter 

t» = -\(He) ■ (4.31) 

This definition of $ then induces the corresponding dressing 

{j r = v r_ x Mr {§x M ) _^_ H r^^ P0) ? ^ 

and, in a similar fashion, the supersymmetry transformation of 

r = r - V a a A (9 A V a ) - % -V P aAV aaB (e A Ye B )D^ (4.33) 

is again a coordinate transformation with the same parameter, together with an additional 
gauge transformation of parameter 

A (9) = £ M (9> . (4.34) 

Similarly, the supersymmetry variation of 



e, m = e™ + i{h m iJ») ~ 7;(h m D,9) - -v^^^B) (4.35) 



contains also an additional local Lorentz transformation of parameter 

A mn = -^nn _ ^ffrmn^ (4 gg) 

where u denotes the spin connection. Since the scalars in the non-supersymmetric 9-5 
sector are charged with respect to the vectors in the 9-9 sector, we define also 

4 9)J = A T + ^ (^A (9)i ) + ^ W *'(*W0 + ^-i A ^r(0 A l,e B ) ,(4.37) 
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whose supersymmetry transformation is a general coordinate transformation of parameter 
as in eq. (|4.31|), aside from a gauge transformation of parameter as in (4.34). If one 



requires that the supersymmetry variation of the vector A^> from the non-supersymmetric 
5-5 sector be 

8Af = F$? , (4.38) 

namely a general coordinate transformation together with a gauge transformation of pa- 
rameter 

A (5) = £ M (5) ^ (439) 

one obtains a supersymmetrization of the kinetic term for Affi writing 



1 

— < 
2 



- -ev r c:tr w {F^F^)r p g ua , (4.40) 



where 

and the index w runs over the various semi-simple factors of the gauge group in the 
5-5 sector. In analogy with the ten-dimensional case, the uncanceled NS-NS tadpole 
translates, in the low-energy theory, in the presence of a term 

-Aef{&,4> a ) , (4.42) 

that depends on the scalars of the closed sector and contains the dilaton, that belongs to 
a hypermultiplet in type-I vacua. Thus, supersymmetry breaking naturally corresponds 
in this case also to a breaking of the isometries of the scalar manifolds. 

Denoting with S the scalars in the 9-5 sector, charged with respect to the gauge fields 
in both the 9-9 and 5-5 sectors, we define their covariant derivative as 

D^S = d li S-iAfS-iAfS , (4.43) 

so that the term 

l -e(b^{b u S)g^ (4.44) 

is supersymmetric, if again the supersymmetry transformation of S is a general coordinate 
transformation, together with a gauge transformation of the right parameters. As in the 
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ten-dimensional case, if one considers terms up to quartic couplings in the fermionic fields, 
one does not have to supersymmetrize terms that are quadratic in the additional fermions 
from the non-supersymmetric 5-5 and 9-5 sectors. Denoting with A^ these fermions, the 
coupling of A 1 - 5 -* 2 to the 3-forms is not determined by supersymmetry, and can only be 



determined by string considerations, as in [19 



The inclusion of additional non-supersymmetric vectors modifies H r , that now includes 
the Chern-Simons 3-forms corresponding to these fields, so that eq. ( 4.18Q becomes 



H r = dB r - c rz J 9)z - c rw u {5)w . (4.45) 

The gauge invariance of H r then requires that 

SB r = c ™ trw ^) d A$)) (4.46) 

under gauge transformations in the 5-5 sector. Consequently, the supersymmetry trans- 
formation of B r is also modified, and becomes 

5B; U = iv r^ lu]e) + ^ x Mr^M^ e) 

- 2d-HrMf^^)-2c-tr w {A ( Q5A^) . (4.47) 

The complete reducible gauge anomaly 

Aa= ~ \e^ &T {clc rz 'tr z {A^d,A^)trAFfjF^) 
+ c z r c rw tr z (A (9) d, Af )tr w (F<$Fg> ) 



+ crc rz tr w (A^d^)tr z (F^F^) 

+ c:c rw 'tr w (A {5) d,A^)tr wl (F^F^)} , (4.48) 

related by the Wess-Zumino conditions to the supersymmetry anomaly 

A = e^^{^\-\tr z {8AfAf)trAFfjF^) - \ir s {S t AfF^)w^\ 

+ clc™[-\tr z {5^fAf)tr^F$F^) - Jfr,(U?^it] 
+ c^[-\tr^8 e AfAf)tr z {F^F^) - \tr w {8 t Af F®)J%] 



. . ,.«■,.•-'' 



" •"" \lr u {S e Afj^)ir^{F^F^)-\ir w {8 € AfF^)u^\} , (4.49) 



< -• w\~c- -fi - -v ) '-• -w \ pa or I n 
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is induced by the Wess-Zumino term 

- l^ pa8r B; u crtr w (F^F^) . (4.50) 

It should be noticed that, as in the case of linearly realized super symmetry, eqs. (|4.48|) 



and (|4.49| ) satisfy the Wess-Zumino condition 

5 A A e = 5 e A A , (4.51) 

since the explicit form of the gauge field supersymmetry variation plays no role in its 
proof. We expect that, to higher order in the fermions, the supersymmetry anomaly will 



be modified by gauge-invariant terms as in ]27, 3j|. From the definition of H r , one can 
deduce the Bianchi identities 

V^] = -!#r.(*$*$) - \^Jr w {F^F^) . (4.52) 

We now want to determine the terms proportional to F A F containing the goldstino 
that one has to add for the consistency of the model. Unlike the ten dimensional case, 
where duality maps the 2-form theory with Chern-Simons couplings to the 6-form theory 
with Wess-Zumino couplings, in this case the low-energy effective action contains both 
Chern-Simons and Wess-Zumino couplings. First of all, we observe that for the quantity 

- ynr z [A^F^\{e Mp .o) - -^AUr4!\o A lv] e B ) (4.53) 

the supersymmetry variation is a general coordinate transformation of the correct param- 
eter, together with an additional tensor gauge transformation of parameter 

K = -\ vr ^~? B W > ( 4 - 54 ) 

as well as PST gauge transformations of parameters 
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and 

A (PST) = e ^ E (4>56) 

and gauge transformations of the form ( 4.21 ) and (|4.46|) whose parameters are as in eq. 



( I4.34Q and (|4.39|) . We should now consider all the terms proportional to F AF that arise, 
those directly introduced by the inclusion of the Chern-Simons 3-form for the fields in the 
5-5 sector, those originating from the consequent modification of the Bianchi identities, 
and finally those introduced by the variation of the Wess-Zumino term. 

The end result is that the variation of all these contributions gives 

- 2v r c rw tr w (5AfFlf)K^ p -2x^c rw tr w (5AfF^)K M ^ p . (4.57) 

The first two terms are canceled by the goldstino variation in the additional couplings 

C = ^^C-^Ah^u) - \xf(h^X M )Y w tr w {Ff)Ff}) , (4.58) 

where, however, the variations of the gravitino and the tensorinos produce additional 
terms. Some of these cancel the last two terms in eq. ( f4.57| ), while the remaining ones 
are canceled by the goldstino variation in 

cr = ^ T {~9\(^)-^(w) 

- ^K a "^u aP e)}c-tr w {FfjF^) . (4.59) 

If one restricts the attention to terms up to quartic fermion couplings, no further contri- 
butions are produced. We can thus conclude that the non-linear realization of supersym- 
metry is granted by the inclusion of CJ and C" in the low-energy effective action. From 
eq. ( |4.53| ) we also see that these two contributions can be written in the compact form 



C! + C" = -^ Uf)C75T B; u extra c^tr w {F^F^) , (4.60) 

where 

B^ tra = ~ ^(^ [M 7^)-^^(x M 7 M ^)-^c-tr 2 [A£V%]A (9) )] 

+ \{d P v r ){h»v p 0) + ~x Mr K$o°{e lv]pff 9) + \v r {9%D v \9) (4.61) 
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coincides with the counterterm of B r only if no 9-9 vectors are present. 

We now want to interpret these non-geometric terms along the lines of Section 3. 



To this end, observe that, if no 9-9 vectors are present, eq. (|4.60| ) is exactly twice the 



term that one should add to eq. ( |4.50| ) in order to geometrize the Wess-Zumino term, 



substituting B with B. This means, roughly speaking, that half of the contribution in eq. 
( f4.60| ) comes from the Green-Schwarz term, and half from the Chern-Simons couplings. 



This interpretation is in perfect agreement with self-duality, and thus in six dimensions 
there is no duality transformation that can give a fully geometric Lagrangian. If also 
9-9 vectors are in the spectrum, no additional terms are produced in the lagrangian, in 
agreement with the fact that the additional terms of B r in eq. ( |4.53|) are not gauge 
invariant. 

To resume, the Lagrangian for supergravity coupled to tensor multiplets, hypermulti- 
plets and non-supersymmetric vectors is 

C = C susy - Uv r c w T tr w {F$F$)g^r - Ae/($ a , ^ ) 



1 

r 



- -e^ 5T B; u extra c:tr w (F^F^) . (4.62) 



Since the supersymmetry transformation of other non-supersymmetric fermions is of 
higher order in the fermi fields, at this level we can always add them in the construction, 
while the couplings that can not be determined by supersymmetry could in principle be 



determined by string inputs, as in |]T9 



Finally, it is important to observe that without 9-9 vectors, although the Lagrangian 
Q4.62J ) is not completely geometric, the corresponding field equations are. Indeed, if one 
fixes the PST gauge in such a way that the 3-forms satisfy the standard (anti) self-duality 
conditions, the equation for the vector fields, up to terms quartic in the fermions, is 

eD u [v r c rw F$g^r] + \^ pa&1 'c^F® H r a5r 

+^"^^0™^^™'^?' + V^c^ifc™'*^^;^?) = , (4.63) 
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where 

H; up = 3d { ,B: p] - d w u^ , (4.64) 

and this is nicely of geometric form. It should be noticed that no additional counterterms 
containing the goldstino have to be added if also 9-9 vectors are present. In fact, all the 
terms in B r induced by A^ are not gauge invariant, and their inclusion in the lagrangian 
is forbidden because it would modify the gauge anomaly. The resulting equation for A^ 
is then 

eD u [v r c rw F^g^g^} + ^e^* c rw F® H r aSr 
i i 

:J_M,upa5r p{5)„rz Mz , ^ nvpaSr a(5) rz. I p(9) p(9)\ 

Ti^ Ww-r up c UJ aSr t t Ww^-u <- isi z yr pcr r Sr ) 

+^^^^^'4?' + ^^^if'^W^^) = , (4.65) 

where 

K P = 3 <Wp] + ^K P { xtTa - c ' r H'p - <^ffi° ( 4 -66) 

is geometric up to gauge- invariant terms proportional to c rz . The result is thus in agree- 
ment with what expected by anomaly considerations. If gauge and supersymmetry anoma- 
lies are absent, the A^ 5 ' equation is mapped into itself by supersymmetry: this is the very 
reason why this equation is geometric. In the presence of gauge and supersymmetry 
anomalies, as long as 9-9 vectors are absent, the equation for A^> is still geometric, albeit 
not gauge invariant. The supersymmetry anomaly, in this case, results from the gauge 



transformation contained in eq. (|4.38|) . When also 9-9 vectors are present, these argu- 
ments do not apply, and thus in eq. ( |4.65| ) the geometric structure is violated by terms 
proportional to c rz c™. 

The consistent formulation described above can be reverted to a supersymmetric for- 



mulation in terms of covariant non-integrable field equations |25| , p8| , that embody the 
corresponding covariant gauge anomaly 

1 
+ c^tr z {^FfJ)tr w {F^F^) 



AT = -e^^[c rz 4tr z {K^F^)tr z ,{FfjF^] 



+ c rw cltr w {K^F^)tr z {F$FP 



[iv ) z\ pa &t 
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+ c r ^'tr w (A^F^)tr wl (FffF^)} , (4.67) 

given by the divergence of the covariant equation for A^' , 

eD v \v r c rw Ff)r p 9 va \ + \e^^c rw F^H r aPl = , (4.68) 



and the divergence of the covariant equation for Ajj/ [p8 |. Without 9-9 vectors, eq. ( 4.68 



is both geometric and gauge-covariant, while, if 9-9 vectors are present, the geometric 
structure is violated by gauge-covariant terms proportional again to c rz c™. 

5 Conclusions 

In this paper we have extended the results of [13] on the low-energy effective action for 



models with brane supersymmetry breaking. In this class of models a supersymmetric 
bulk is coupled to a non-supersymmetric open sector, and as a result local supersymme- 
try is non-linearly realized a la Volkov-Akulov. In particular, we have shown that, up to 
quartic order in the fermions, the low-energy couplings between the supersymmetric bulk 
and the non-supersymmetric open sector in the ten-dimensional USp(32) model of || are 
all of geometric origin, being induced by the dressing of the bulk fields in terms of the 
goldstino, provided one turns to the dual 6- form |23| formulation. Thus, in retrospect, 
the non-geometric terms in |19j are precisely what is needed to geometrize the dual form 
of the theory, where the (high-derivative) Chern-Simons couplings are absent. We have 
completed a similar construction for six- dimensional models with brane supersymmetry 
breaking. Since in this case both Chern-Simons and Wess-Zumino terms are simultane- 
ously present, not all couplings in the Lagrangian can be related to goldstino-dependent 
dressings of bulk fields. However, in the absence of supersymmetric vectors, the field 
equations exhibit this geometric structure, that is naturally violated in the general case 
by anomalous terms. 

It would be interesting to apply the same construction to the four- dimensional brane 
supersymmetry breaking models of |4j], and in general to brane- world scenarios (see 0] 
and references therein) in which supersymmetry is linearly realized in the gravitational 
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sector and non-linearly realized in the brane universe. However, in four dimensions the 
gravitino can acquire a Majorana mass through a super-Higgs mechanism El, and it is 



this difference with respect to minimal supergravity in ten and six dimensions that makes 
the models studied in this paper rather peculiar. 

A general property of all this class of models is the presence of a dilaton tadpole of 
positive sign, required in order to have a correct kinetic term for the goldstino |H|, and 



guaranteed by the residual tension of anti-branes and orientifolds. In ten dimensions the 
tadpole signals the impossibility of having maximally symmetric vacuum configurations 
|34j , and one should try to analyze the same effects in the six-dimensional models discussed 



in this paper. 

Finally, it should be observed that it is always possible, in any supersymmetric theory 
coupled to a goldstino, to dress the fields in the linear sector by terms containing the 
goldstino itself. This is a property of the commutator of two supersymmetries: by con- 
struction, a supersymmetry transformation on the dressed fields exactly corresponds to 
the commutator of two supersymmetries on the linear fields, producing general coordinate 
transformations together with all the other local symmetry transformations. In the six 
dimensional case discussed in Section 4, this can be explicitly verified: the parameters of 
eqs. ( |4.31|) , (|4.34|) , ( [4.361 ), Q4-54J) , (|4.55| ) and (|4.56| ) coincide with those coming from the 



supersymmetry algebra, provided one substitutes — 1(9 j^e) with —i (617^2) p7|, |29], |41 
Following this way of reasoning, one could try to generalize the results obtained here to 
all orders in the fermi fields. 
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